The hypoxia and proliferation index increase with grade in human glial tumors, but there is no agreement whether either has prognostic importance in glioblastomas. We evaluated these end points individually and together in 16 de novo human glioblastomas using antibodies against the 2-nitroimidazole hypoxia detection agent EF5 and the proliferation detection agent Ki-67. Frozen tumor tissue sections were fluorescence-stained for nuclei (Hoechst 33342), hypoxia (anti-EF5 antibodies), and proliferation (anti-Ki-67 antibodies). EF5 binding adjacent to Ki-67+ cells, overall EF5 binding, the ratio of these values, and the proliferation index were evaluated. Patients were classified using recursive partitioning analysis and followed up until recurrence and/or death. Recursive partitioning analysis was statistically significant for survival (P = .0026). Overall EF5 binding, EF5 binding near Ki-67+ cells, and proliferation index did not predict recurrence. Two additional survival analyses based on ratios of the overall EF5 binding to EF5 binding near Ki-67+ cells were performed. High and low ratio values were determined by two cutoff points: (a) the 50% value for the ratio [EF5/Ki-67 Binding ]/[Tumor binding ] = Ratio EF5 50% and (b) the median EF5 value (75.6%) of the ratio [EF5/Ki-67 Binding ]/[Tumor binding ] = Ratio patients median . On the basis of the Ratio EF5 50% , recurrence (P = .0074) and survival (P = .0196) could be predicted. Using the Ratio patients median , only survival could be predicted (P = .0291). In summary, patients had a worse prognosis if the [EF5/Ki-67 Binding ]/[Tumor binding ] ratio was high. A hypothesis for the mechanisms and translational significance of these findings is discussed.
Introduction
Glioblastoma (GB) is one of the deadliest of human cancers, characterized by a 12-to 14-month median survival in patients treated with surgery, radiation, and temozolomide [1] . There is extensive ongoing research on the mechanism(s) of this dismal prognosis, including the role of signaling molecules, cytokines, and drug-modifying enzymes [2] . Several of these factors are modulated by hypoxia, leading to substantial clinical and experimental interest in this subject [3] . Hypoxia is present in many tumor sites including cervix, head and neck, prostate, bladder, pancreas, and soft tissue sarcomas (for review, see Evans and Koch [4] ). Hypoxia has also been shown to affect the efficacy of chemotherapy [5] . In some tumor types (cervical cancer, sarcomas), it is associated with tumor aggression, for example, hypoxic tumors are more likely to invade and/or metastasize [6, 7] as a result of upregulation of proteins such as matrix metalloproteinase, vascular endothelial growth factor, and BCL-XL [6] [7] [8] . We have previously reported on the presence and level of hypoxia in a series of brain tumors of varying histologic diagnosis, demonstrating that the level of hypoxia increases with tumor aggressiveness [9] . However, tissue PO 2 has never been demonstrated to be a predictive factor in the outcome of patients with GB. Proliferation, another well-studied physiologic process in tumors, remains controversial as to its prognostic significance in GBs [10] [11] [12] .
EF5 is a 2-nitroimidazole drug that is administered intravenously to patients approximately 24 hours preceding surgery. It covalently binds to hypoxic cells at a rate that is inversely proportional to tissue PO 2 [13, 14] . Analytical methods using highly specific, fluorescent monoclonal antibodies against EF5 adducts have been developed, calibrated to in vitro controls, and validated, allowing the quantification of tissue oxygen levels and the production of tissue oxygen maps [15] . Immunohistochemical (IHC) studies have generally reported an inverse spatial relationship between hypoxic and proliferating cells [16, 17] , but we noticed that proliferating (Ki-67-positive [Ki-67+]) cells could be found in regions of high EF5 binding in many human GB tissue sections ( Figure 1 ). This has been previously observed in liver metastases [18] . On the basis of our observation of colocalization of hypoxic and proliferating cells, we developed quantitative methods using frozen tissue sections to analyze the cellular PO 2 from tissue sections in the region immediately surrounding any defined anatomic structure (e.g., blood vessels [19] or individual cells [present studies]). Herein, we describe the development and application of such algorithms to quantitatively assess EF5 binding in the region of Ki-67+ cells. We hypothesized that tumors with many proliferating hypoxic cells would be more biologically aggressive, perhaps due to the up-regulation of invasion and metastasis-causing cytokines. In this pilot study, we provide data supporting that the EF5 binding level surrounding proliferating cells, expressed as a ratio [EF5/Ki-67 binding ]/[Tumor binding ], is a significant predictor of patient outcome. We also showed that this ratio variable can independently predict these end points beyond the recursive partitioning analysis (RPA) classification [20] . (The RPA classification is based on both pretreatment patient and tumor characteristics and treatment-related variables, and it has been shown to be associated with survival duration.) Measurement of the relationship between hypoxia and proliferation in GBs is not likely to be directly applicable to clinical practice using the complex methods described herein. However, these techniques should inform the biology and pathophysiology of GBs for future investigations as well as aid the development of molecular and imaging theragnostics.
Materials and Methods
The Institutional Review Board of the University of Pennsylvania Clinical Trials and Scientific Monitoring Committee (Abramson Cancer Center) and the Cancer Therapeutics Evaluation Program of the National Cancer Institute approved this prospective trial of EF5. All patients signed a consent form for both the study and for privacy (Health Insurance Portability Accountability Act). Patients of all ethnic and sex groups were included. Eligible patients were those undergoing resection of a brain mass assessed as likely be a neoplasm based on imaging appearance. Exclusion criteria included patients with a history of grade 3 or 4 peripheral neuropathy [21] , pregnant or nursing patients, and patients younger than 18 years.
EF5 Administration
The National Cancer Institute, Division of Cancer Treatment, supplied EF5 in 100-ml vials containing an aqueous solution of 3 mg/ml EF5 plus 5% dextrose and 2.4% ethanol. EF5 was administered through a peripheral intravenous catheter approximately 24 hours before surgery at a rate no greater than 350 ml/h and to a total dose of 21 mg/kg. Blood samples for drug levels were obtained before (control), 1 hour after drug administration, and at the time of surgery. Calculation of the drug concentration integrated with respect to time (area under the curve, AUC) was used to correct the absolute EF5 tissue binding level (IHC) for variations in drug dose and drug exposure time between patients [22] .
Tissue Acquisition, Processing for EF5 Binding, and Analysis of EF5 Images
On the day after EF5 administration, tumors were surgically resected and placed in sterile, iced EXCELL 610 medium ( JRH Biosciences, Lenexa, KS). In collaboration with the pathologist, tissue samples deemed unnecessary for clinical diagnosis were taken to the laboratory for processing and analysis.
IHC staining methods and quantitative fluorescence microscopy of EF5 in in situ tumor sections ( Figure 1 ) and EF3 in tissue cubes for cube reference binding (CRB) were performed as reported previously [23] . CRB determination is an in vitro technique where millimetersized tissue cubes taken from an individual patient's tumors were incubated at 600 μM/h in EF3, a sister drug of EF5, under controlled hypoxic conditions. The goal of this procedure was to determine the maximum level of EF3 binding possible for each patient's tumor. This technique allowed normalization of the in situ EF5 binding to each tumor's maximum binding value after correction for the AUC [22, 23] . In addition to staining for EF5 alone, adjacent tissue sections were 1) costained for EF5 and Ki-67 (called EF5/Ki-67), as previously reported [24] (Figure 1) , and 2) stained with "Competed Stain" (antibody mixed with 0.5 mM authentic EF5) to account for fluorescence due to nonspecific staining (data not shown). The latter value was subtracted from the calculated value of in situ EF5 binding.
Images were analyzed using routines written in MatLab (The MathWorks, Inc, Natick, MA), whereby EF5-dependent fluorescence intensity values were sampled within an image (or part thereof ) based on intact (viable) nuclei identified by a Hoechst 33342 mask [19] (Figure 2 ). Hoechst 33342 was applied to the slide immediately preceding imaging to stain the nuclei. The final EF5 intensity values were corrected for lamp intensity, individual patient AUC, and the competed stain value. The result of these corrections provided an EF5 binding value for each pixel, expressed as a percent of CRB (%CRB) [8, 23] . We have converted %CRB into tissue PO 2 ranges using extensive data from in vitro studies [9, 13, 23, 25] .
To further characterize the image, cumulative frequency histograms of the %CRB of all the pixels in the image were calculated. Using this terminology, the median binding would be CF 50 . To emphasize the most hypoxic cells, we used the CF 95 value, wherein 95% of the cells have lower values and 5% have higher values. Thus, CF 95 = 20% would mean that 95% of the EF5 values in the image were at or below 20% of maximum EF5 binding.
Proliferation Analysis
All images were loaded, preprocessed, and analyzed based on Hoechst 33342 and EF5/Ki-67 images for each tissue section (Figure 2) . To correct for small misalignments due to wavelength shifts, the EF5/Ki-67 images were each aligned to the Hoechst 33342 image.
The Hoechst 33342 image was masked to reduce background noise using the Imtophat method (MatLab; The MathWorks, Inc).
A threshold was applied to eliminate all pixels with an intensity value below 0.005, yielding a black-and-white image mask. The resulting image was repeatedly (up to 1000 times) morphed with a majority transformation that turns any black pixel surrounded by five or more white pixels to white. This step filled in small areas that may have been missed by the previous threshold. The masks were reviewed individually at the end of the process to ascertain that the process was successful in capturing the features of the Hoechst 33342 image ( Figure 2 ).
A counting algorithm was then applied to the EF5/Ki-67 and Hoechst 33342 images to identify each cell and to determine accurate counts of the number of total cells and of proliferating cells. To eliminate background values, the Imtophat filter was applied to both images. Each cell was identified in an iterative process. Each iteration included identification, centralization, and hole-punching steps (Figure 2) . Identification was achieved by applying a threshold to the image that was at first highly discriminating and was gradually reduced in a quadratic fashion to a preset minimum value determined through repeated experimentation. Each of the identified objects was then "shrunk" to a point using a centralization process resulting in the replacement of the cell with a single pixel located at its centroid (center of mass). The hole punch completed the iteration, whereby the original image had a cell-sized (15 μm) disk centered on each centralized identified point removed from future iterative steps. This process resulted in a highly accurate cell count, as determined by hand counting in small areas (data not shown). The procedure used 30 iterations, with an initial threshold value of 1.00 decreasing to 0.03 in a quadratic fashion. These steps resulted in two new images termed point maps, one for Hoechst 33342 and one for the Ki-67 aspect of the EF5/Ki-67 images ( Figure 2 ).
After the Hoechst 33342 and Ki-67 point maps were created, the correspondence between each Ki-67+ object and exactly one Hoechst 33342-identified nucleus was checked, for example, to confirm that the Ki-67-labeled objects were a strict subset of Hoechst 33342-labeled objects. To do this, we relied on the fact that the two point maps were generated from aligned images of the same tissue piece. A final point map was generated from the Hoechst 33342 point map where, for each Ki-67 point, the nearest Hoechst 33342 point was tagged as Ki-67+ ( Figure 2 ). If a Ki-67+ point was not within 15 μm (roughly the size of a cell), then it was assumed that the anti-Ki-67 antibody had caused an artifact, which was then eliminated. This was found to be less than 1% of the cells examined (data not shown). Using this point map, our goal was to obtain information about the tissue oxygen level in the immediate vicinity of each Ki-67+ object. However, signal from the anti-Ki-67 was often very strong, and despite using a different fluorescent color to quantify EF5 binding, there was some bleed through from the Ki-67 dye (Cy3 vs Cy5, respectively). This represented a substantial signal in regions of low EF5 binding because EF5 binding is quantified over an intensity range spanning several decades [25] . To eliminate the Ki-67 fluorescence from calculation of the EF5 fluorescence surrounding the Ki-67+ cells, the fluorescence in the central regions of the area surrounding these cells was removed from analysis. Specifically, EF5 binding was assessed in a donut-shaped region centered on each Ki-67+ nucleus, with the central hole 15 μm in diameter and the overall diameter as 50 μm, excluding any pixels eliminated by the overall tissue mask (Figure 2) .
The average EF5 value for the entire image (minus the center of the "donuts") was calculated based on the overall tissue mask. Cumulative frequency graphs of EF5 binding in the tissue section being evaluated versus near Ki-67+ cells was determined based on the 95th percentile of EF5 binding (CF 95 ). Final analyses were based on the CF 95 values for the brightest slide evaluated for each patient as in our previously published studies [15, 26, 27] .
Pathological Examination
All tissue sections were reviewed by a neuropathologist to confirm that the tissue section contained tumor. Tissue sections that contained less than 20% viable tumor or more than 80% normal tissue or necrosis were eliminated from further analysis. A minimum of three tissue sections from each patient was examined. The histologic diagnosis of the tumor in the EF5-stained tissue sections was compared with the pathologic diagnosis based on paraffin-embedded tissue sections. None of the EF5-stained tissue sections received a diagnosis that differed from that rendered clinically. A minimum of three tumor sections stained for EF5 and EF5/Ki-67 was examined for each patient.
Tumor Staging and Patient Outcome
The World Health Organization grade was based on pathological examination of the surgical specimen. Recurrence was determined by the treating physician based on magnetic resonance imaging studies (usually a change over time) and/or the examination of a pathological specimen from surgical re-resection or biopsy.
Statistical Methods
Descriptive statistics (frequency, percentage, mean, and SD) were used to report distributions of patient and tumor variables. Time to recurrence was defined from the date of EF5 administration (1 day preceding surgery) to the date of a documented event (recurrence or death due to any cause) or censored at last patient contact. For patients in whom a gross total resection was not obtained, time to recurrence was defined as the point at which tumor progression (i.e., growth) was identified on imaging. In two patients (nos. 32 and 58), the recurrence date could not be confirmed, so for analysis the date of recurrence was taken as the date of death. Overall survival was defined from the date of EF5 administration (1 day preceding surgery) or censored at the last patient contact. Potential prognostic factors considered in this analysis were the RPA classification [20, 28] , proliferation index (PI), EF5 (CF 95 ) binding in the vicinity of Ki-67+ cells, EF5 binding in the brightest tissue section examined (CF 95 max ), and a ratio of the latter two values. Survival analysis of the ratio were based on two cutoff points: (a) the 50% EF5 value for the ratio of [EF5/Ki-67 binding ]/[Tumor binding ] (Ratio EF5 50% ) and (b) the Ratio patients median value (=75.6%; Table 1 ).
The distributions of time to event outcomes were estimated by the method of Kaplan and Meier [29] and compared among patient groups defined by a prognostic factor using log-rank tests [30] . The independent prognostic value of a factor was evaluated using a multivariate Cox proportional hazards model [31] . Statistical significance was defined as P < .05. Borderline significance was defined as less than 0.10. 
Results

Between
rapidly postoperatively and died of non-brain tumor-related causes preceding the onset of radiation therapy; this patient was not included in the analysis. Of the 16 remaining patients, 15 had died and 1 patient (no. 115) remained alive and without recurrence at the time of analysis. The patients' demographics and the details of their tumors and treatments are summarized in Table 2 . The patients' mean age was 56.9 years (range, 23-77 years), with 12 males and 4 females. Fifteen patients were white and one patient was African American. There were 3, 9, and 4 patients with RPA levels of 3, 4, and 5, respectively (Table 2 ). Survival analysis confirmed that RPA classification was predictive of patient survival in this group of patients (RPA 3 and 4 vs RPA 5, P = .0026). Despite the small number of patients included in this trial, this finding confirms that these 16 patients are generally representative of patients with de novo GBs reported in the literature [28] . All patients received surgery with the intent of gross total resection followed by external beam radiation therapy (Table 2) . In three patients, the actual radiation prescription could not be determined, although notes from the outside hospitals confirmed that full-course radiation therapy had been administered. In four patients, additional radiation was given at the time of recurrence by iodine 125 ( 125 I) monoclonal antibody treatment (n = 1) or Gliasite balloon (n = 3; Table 2 ). Administration of adjuvant therapy (chemotherapy, hormonal, or molecular therapy) either during or after initial radiation therapy or at the time of recurrence could be confirmed in 13 of 16 patients. Two patients received no adjuvant therapy, and this information was not available in one patient. Temozolomide, either during and/or after radiation, was administered in 11 patients. There was no relationship between temozolomide administration and outcome in this small patient group (P > .05).
All 16 gliomas contained regions of hypoxia, although the level and extent of hypoxia varied considerably between patients. As shown in Table 3 , the most hypoxic region, CF 95 max in the 16 GBs ranged from 3.2% (mild hypoxia, PO 2 ≈ 2.5%) to 26.7% (moderate hypoxia, PO 2 ≤ 0.5%). On the basis of these data, most of the tumor cells in any of these tumors were at intermediate or high O 2 levels, and all tumors contained many cells that were physiologically oxic. When analysis of patient outcome was performed based on the CF 95 max of EF5-alone-stained sections, this value was not predictive for either tumor recurrence or patient survival (P > .05).
Tissue sections were also costained with EF5/Ki-67 and analyzed for both PI and the EF5 values surrounding Ki-67+ cells ( Figure 1 and Table 3 ). The PIs in this group of GBs ranged from 1.3% to 15.5% (median, 5%). Results of the survival analysis based on the PI or the EF5 values surrounding Ki-67+ cells were not significant for either recurrence or survival (P > .05).
As described above, two cutoff points were tested for evaluating the predictive value of the [EF5/Ki-67 binding ]/[Tumor binding ] ratio: (a) Ratio EF5 50% (4 patients below CF 95 = 50% and 12 patients above Yes, P = .038. The unadjusted hazard ratio is 3.4 (95% CI, 1.1-11.0).
Significant for overall survival among RPA = 3 and 4 patients (univariate)? ‡ Yes, P = .048. The unadjusted hazard ratio is 4.4 (95% CI, 0.9-21.1).
Borderline, P = .059. The unadjusted hazard ratio is 3.4 (95% CI, 0.89-13.3). Significant for overall survival in multivariate analysis with RPA?
Yes, P = .038 Borderline, P = .09 *Ratio EF5 50% = see text; note, based on brightest tissue section for each patient. † Ratio patients median = see text; note, based on brightest tissue section for each patient. ‡ n = 12, owing to elimination of patients with RPA = 5 from the analysis.
CF 95 = 50%) and (b) Ratio patients median (75.6%; 8 patients above and below this value) ( Tables 1 and 3 ). Using the variable Ratio EF5 50% , patients had a better prognosis if the ratio was less than 50%. This discriminator was predictive of both time to recurrence (P = .0074; Figure 3 and Table 1 ) and overall survival (P = .0196) ( Figure 4A and Table 1 ). When considered along with RPA classification for overall survival (recurrence was not tested because RPA is not predictive of recurrence), the Ratio EF5 50% was found to be an independent prognostic factor (P = .038). Using Ratio patients median as a discriminator, there was no predictive value for time to recurrence (P = .17; Table 1 ), but it was predictive for overall survival (P = .038) ( Figure 4 and Table 1 ). When considered along with RPA classification, the Ratio patients median value was found to be only borderline in its association with overall survival (HR = 2.8, P = .09). Patients with a Ratio EF5 50% less than 50% (n = 4; dotted line) have a significantly longer time to recurrence than those with a Ratio EF5 50% more than 50% (n = 12; solid line); P = .0074. Using the cutoff point of Ratio patients median , this factor was not significant for recurrence (data not shown). Patients with a Ratio EF5 50% less than 50% (n = 4; dotted line) have a significantly longer time to recurrence than those with a Ratio EF5 50% more than 50% (n = 12; solid line); P = .0196. (B) Comparing patients below and above of the Ratio patients median value, patients had a significantly longer time to recurrence when this value was greater than the median (75.6%; n = 6); P = .0291 (dotted line).
In addition to performing a multivariate analysis, we performed a univariate analysis of [EF5/Ki-67 binding ]/[Tumor binding ] ratio values but only included the RPA class 3 or 4 (n = 12; Figure 5 ). Although this further reduces the sample size, the remaining patient subset was somewhat more homogeneous. This analysis will not answer the question of whether [EF5/Ki-67 binding ]/[Tumor binding ] ratio is an independent predictor of RPA but rather whether the predictive ability of this ratio will hold in patients with RPA = 3 or 4. Ratio EF5 50% had a hazard ratio of 4.4 (95% confidence interval 0.90-21.1) and a significant logrank test P = .048. Ratio patients median , using cutoff point of 75.6%, had a hazard ratio of 3.4 (95% confidence interval [CI], 0.89-13.3) and a borderline significant log-rank test (P = .059; Table 1 ).
Discussion
In this pilot study, we have identified that GBs are characterized by varying degrees of hypoxia as assessed by EF5 binding and that most cells in GBs are either oxic or at intermediate levels of hypoxia. We have previously reported that EF5 binding generally increases with tumor grade when considering all types and grades of brain tumors [9, 26] , in keeping with our former studies in sarcomas [32] . This is in contrast to our studies in head and neck squamous cell carcinomas where tumor recurrence was associated with high EF5 binding irrespective of tumor grade [15] . Our results in brain tumors are distinct from previously published studies using Eppendorf needle electrodes [26, 33, 34] . We find that virtually all GBs contain some hypoxic regions, in comparison to grade 3 tumors that can contain rare regions of hypoxia and grade 2 tumors that are essentially oxic. Because our methods allow quantification of both the extent and degree of tissue hypoxia at a cellular resolution, our most general observation has been that all types of tumors contain physiologically oxic cells, with the main clinically relevant difference being the relative fraction of tissue existing under moderately or severely hypoxic conditions [15, 26, 32] . Thus, our central hypothesis has been that tumor aggressiveness is best characterized by the most hypoxic cells present, and we have substantiated this in sarcomas, head and neck cancers, and high-grade glial brain tumors [15, 26, 32] . Our findings confirm studies in several other tumor types using other hypoxia measurement techniques [35] [36] [37] . However, this pilot study demonstrates that EF5 binding alone was not successful in predicting outcome for the small number of newly diagnosed GB patients studied herein.
We next considered PI as a means of predicting outcome in patients with GB. The PI contributes to prognosis for some tumor types (i.e., breast cancer [38] and squamous cell carcinomas of the oropharynx [39] ) but has not consistently been associated with outcome in brain tumor patients [10] [11] [12] . This inconsistency should perhaps be expected. Non-cycling cells are known to be resistant to both chemotherapy and radiotherapy, and hypoxia can cause cells to exit the cell cycle [40, 41] . However, rapid growth can contribute to a lack of tumor control, and it has been suggested that it is important to characterize a tumor's growth fraction before protracted treatments such as radiotherapy [42] . The balance between cell proliferation and death has been noted to be an important factor in determining overall tumor growth, and this consideration makes the understanding of the role of the PI, in the absence of quantification of the balancing factor cell death, complex [43] .
Despite numerous investigations of hypoxia or proliferation individually, little is known about how these combined parameters (their quantitative and/or spatial relationships) contribute to outcome in human cancer. Several studies have combined analysis of endogenous markers of hypoxia in combination with proliferation markers in human cancers. One of the advantages of using endogenous hypoxiaassociated markers (carbonic anhydrase 9, hypoxia-inducible factor 1, glucose transporter 1, and vascular endothelial growth factor) is that large retrospective studies using banked materials can be performed. However, all of these markers are known to measure factors in addition to tissue PO 2 [44] . Despite the expectation that proliferation would decrease with hypoxia, Saarnio et al. [45] showed expression of CA9 in areas of colorectal neoplasms with high proliferative capacity. Hoskin et al. [46] studied bladder cancer and found that proliferation was significantly higher in those tumors with the highest levels (>10%) of both GLUT1 (P = .025) and CA9 (P = .029) compared with those tumors that either were negative or had low levels of expression; colocalization studies were not performed because of the requirement to develop complex algorithms and methods. Neither the endogenous hypoxia markers nor PI (based on Ki-67) predicted for local control or metastases-free survival in this study. Hoogsteen et al. [47] studied CA9 and iododeoxyuridine (IdUrd) labeling in biopsies of head and neck squamous cell carcinomas, reporting that colocalization between IdUrd and CA9 ranged from 0% to 53%. The interpretation of the data in all of these studies is complicated by the absence of actual PO 2 values to correspond to the regions stained for endogenous markers. The study of Hoogsteen et al. used distance from blood vessels as a surrogate for tissue PO 2 ; the fraction of IdUrd-labeled cells positive for CA9 was highest at an intermediate distance from the blood vessels (100-150 μm). We have recently reported that in brain tumors, distance from blood vessels is not a good surrogate for oxygen partial pressure, as measured by EF5 binding [19] . Nonetheless, the fraction of IdUrd-labeled cells that were also positive for CA9 in the head and neck cancer study of Hoogsteen et al. correlated with the worst disease-free survival rates (P = .04). The latter observation parallels the findings reported herein.
Nordsmark et al. [48] studied tumor oxygenation in human sarcomas using polarographic oxygen needle electrodes, proliferation, When considered along with RPA classification for overall survival, Ratio EF5 50% was found to be an independent prognostic factor (P = .038). When considered along with RPA classification for overall survival, Ratio patients median was found to be of borderline significance prognostic factor (P = .09). Dotted line = Ratio EF5 50% < 50%, solid line = Ratio EF5 50% < 50%.
and potential doubling time (T pot ) with iododeoxyuridine flow cytometry and IHC. There was a significant correlation between the median PO 2 and the tumor cell potential doubling time (P = .041). Interestingly, the fastest proliferating tumor cells were found in the poorest oxygenated soft tissue sarcomas.
Studies have been performed using pimonidazole as a hypoxia marker in human colorectal [18] , head and neck [17] , bladder [16, 46] , and cervical cancers [49, 50] . In some studies, colocalization of pimonidazole and proliferation markers was found [17, 18] , and in others, there was an inverse relationship between these end points [50] . In bladder cancers [16] , increased vessels in pimonidazole-positive areas and increased numbers of proliferating cells near these vessels were reported. The percentage of IdUrd-positive cells in pimonidazole-positive areas were not associated with survival in head and neck cancer [51] .
The Table 3 ). The selection of a Ratio EF5 50% between these values seemed appropriate in the absence of any comparative data analysis of this type in the literature. In addition, a cutoff point based on physiologic measurements seemed more meaningful than a statistical value of 50% of patients above or below a random ratio value (Ratio patients median ; Table 3 ). Considering a Ratio patients median of 75.6%, the values immediately above and below only differ by 0.3 (75.3% and 75.9%). These are very unlikely to be physiologically different because this difference is beyond the accuracy of the measurement techniques. Nonetheless, we present both data sets because the Ratio patients median is commonly used in the literature. The results of the analyses of both cut points are similar although not identical (Table 1) .
We find that for the most aggressive tumors (12/16 patients; EF5 EF5 50% > 50%), irrespective of the Ki-67+ fraction and degree of hypoxia found, there was virtually no overall relationship between hypoxia and the presence of Ki-67+ cells. That is, the distribution of EF5 binding around Ki-67+ cells was not different from that of the rest of the tumor. In contrast, for the less aggressive tumors (4/16; Ratio EF5 50% < 50%), Ki-67+ cells had a distribution of EF5 binding values that was lower (e.g., these cells were relatively oxic) compared with the tumor tissue as a whole. The findings were similar when the Ratio patients median was considered. The observation related to most aggressive versus less aggressive tumors represents a subtle difference, made possible only by the quantitative nature of EF5 binding calculations. The impact of this difference was significant, even using multiparametric analysis combined with RPA; Ratio EF5 50% was a predictor for tumor recurrence and patient survival in the therapyresponsive patients. Because of this, we thought it important to bring these results forward despite the pilot nature of this study. In addition, the new image analysis methods described herein should be very useful in the evaluation of EF5-stained tissues or other marker binding. We propose that this result may help elucidate basic mechanisms of GB aggressiveness.
Because the methods described in this report are new, we do not know whether other tumor types will behave like GBs. Indeed, it is not certain what to expect because there are no previous studies where proliferation data have been colocalized with the actual PO 2 of Ki-67+ cells.
A characteristic feature of GBs is the presence of infarcted vessels leading to the phenomenon of pseudopalisading necrosis [52] . If much of the hypoxia found in GBs were related to these (presumably) irreversible blockages of blood flow, then perhaps the PO 2 of dividing cells reflects the physiological consequences of the pseudopalisade formation (i.e., trapping of the cells) rather than a specific effect on cell cycling. If this were true, then the aggressiveness of the tumor might relate to the frequency and extent of vessel infarction leading to a higher probability of trapping cycling cells in these volumes; this may lead to the impression that the PO 2 around these cells was similar to that of the tumor as a whole. Tumor vessel infarction has been commonly described in GB [52] , and abnormalities of the clotting cascade are not uncommon in patients with any malignant tumor type, especially in patients with GB. There is an interesting discussion in the literature arising from the observation of Brat and van Meier about whether cells actively invade toward or away from these infarcts. Our observations are more in keeping with the latter.
Currently, an understanding of the factors that cause cells in tumors to exist in a cycling versus noncycling state (proliferative "P" vs quiescent "Q" [53] ) is incomplete. "Q" cells were originally thought to arise from insufficient supply of cytokines or nutrients, including oxygen. Data from in vitro studies are not very informative because cell growth is virtually unaffected by oxygen tensions of 0.2% or even less (considered as "severe" hypoxia) [40, 41, 54] . Current thinking about the cycling status of individual tumor cells would undoubtedly invoke a multitude of molecular signaling mechanisms affecting many physiologies in the tumor, as well as that of supporting tissue cells and tumor stem cells. However, studies of oxygen dependence of such phenomena under carefully controlled and monitored conditions have not been performed. The data presented in this report emphasize the importance of detailed evaluations on PO 2 both in vitro and in vivo. An important clinical ramification of our results is that there may not be a consistent or general relationship between absolute PO 2 and inhibition of cell cycling, suggesting that tumor aggressiveness is modulated by the PO 2 dependence of cell cycling in individual tumors. Our observations and hypotheses are undergoing further testing and study.
In summary, the understanding of why GBs are treatment-resistant remains poor despite decades of research. The predictive factors currently in use rely on various clinical and pathological factors determined in a detailed statistical analysis, for example, RPA [18] . In many cancers, hypoxia and/or proliferation are documented prognostic factors but not in GBs. This pilot study identifies a unique interaction between these factors and seems to show prognostic importance for recurrence and survival, independent of RPA status. Three translationally relevant insights are provided in this article: 1) Hypoxia is always found in GBs, and therefore, its measurement, treatment targeting, and modification are likely to have important roles in patient's evaluation and therapy. 2) Future studies are necessary to identify the mechanisms of the findings herein, particularly whether they are the result of molecular modifications of tumor metabolism or a temporal vascular phenomenon. On the basis of these results, specific therapies might be developed. 3) Future prognostic studies must evaluate the biology (including molecular) and physiology of individual tumors rather than emphasize differences between patient groups.
